Histone deacetylase 6 (HDAC6) is structurally and functionally unique among the 11 human zinc-dependent histone deacetylases. Here we show that chemical inhibition with the HDAC6-selective inhibitor tubacin significantly enhances cell death induced by the topoisomerase II inhibitors etoposide and doxorubicin and the pan-HDAC inhibitor SAHA (vorinostat) in transformed cells (LNCaP, MCF-7), an effect not observed in normal cells (human foreskin fibroblast cells). The inactive analogue of tubacin, nil-tubacin, does not sensitize transformed cells to these anticancer agents. Further, we show that down-regulation of HDAC6 expression by shRNA in LNCaP cells enhances cell death induced by etoposide, doxorubicin, and SAHA. Tubacin in combination with SAHA or etoposide is more potent than either drug alone in activating the intrinsic apoptotic pathway in transformed cells, as evidenced by an increase in PARP cleavage and partial inhibition of this effect by the pan-caspase inhibitor Z-VAD-fmk. HDAC6 inhibition with tubacin induces the accumulation of γH2AX, an early marker of DNA double-strand breaks. Tubacin enhances DNA damage induced by etoposide or SAHA as indicated by increased accumulation of γH2AX and activation of the checkpoint kinase Chk2. Tubacin induces the expression of DDIT3 (CHOP/GADD153), a transcription factor up-regulated in response to cellular stress. DDIT3 induction is further increased when tubacin is combined with SAHA. These findings point to mechanisms by which HDAC6-selective inhibition can enhance the efficacy of certain anti-cancer agents in transformed cells.
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γH2AX | Chk2 | DDIT3/CHOP/GADD153 | apoptosis | histones I n humans, 11 zinc-dependent histone deacetylases (HDACs) have been identified and classified based on homology to yeast proteins: class I (HDACs 1, 2, 3, and 8), class IIa, (HDACs 4, 5, 7 and 9), class IIb (HDACs 6 and 10), and class IV (HDAC11). Class I HDACs are primarily nuclear proteins and display enzymatic activity toward histone substrates. Class IIa HDACs shuttle between the nucleus and cytoplasm. Class IIb HDACs are primarily cytoplasmic proteins and have nonhistone proteins as primary targets (1) . Inhibiting HDAC enzymes has emerged as a promising approach for the treatment of cancers (2) (3) (4) (5) . Several different structural classes of HDAC inhibitors are currently in clinical development for the treatment of both hematologic and solid tumors. Two HDAC inhibitors, SAHA (vorinostat) and romidepsin (depsipeptide or FK228), have been approved by the US Food and Drug Administration for the treatment of cutaneous T cell lymphoma (6) (7) (8) . Preclinical data with numerous cancer cell lines have shown synergistic and additive effects when combining HDAC inhibitors with various antitumor therapies (5) . A number of combination therapies with HDAC inhibitors are being investigated in clinical trials for the treatment of neoplastic diseases (9) . HDAC inhibitors currently in clinical development target several HDAC isoforms (10) . The discovery of isoform-selective HDACi is important to elucidate the mechanism of action of specific HDAC enzymes and may offer a therapeutic advantage by minimizing toxicity.
This study focuses on the selective inhibition of HDAC6. HDAC6 is a structurally and functionally unique zinc-dependent HDAC. HDAC6 has two catalytic domains, a ubiquitin-binding zinc-finger domain, and a dynein-binding domain, and selectively deacetylates nonhistone proteins such as tubulin, HSP90, cortactin, and peroxiredoxins (1, (11) (12) (13) . Selective inhibition of HDAC6 can affect a number of cellular pathways important in tumorigenesis. Hyperacetylation of HSP90 in response to HDAC6 inhibition reduces the chaperone association with its client proteins, resulting in polyubiquitination and proteasomal degradation of a number of HSP90 substrates (13) . HDAC6 inhibition enhances α-tubulin acetylation, which stabilizes microtubules and is often associated with reduced cell movement (14) . Through the ubiquitin-binding domain, HDAC6 has been shown to recruit polyubiquitinated proteins to dynein motors and to transport protein cargo to aggresomes (15) . HDAC6 inhibition can abrogate HSP90 chaperone function when combined with the HSP90 inhibitor 17-AAG in human leukemia cells (16) , augment the cytotoxic effects of paclitaxel (17) , and enhance the cytotoxicity of the proteasome inhibitor bortezomib (18) (19) (20) (21) .
In this study, we show that chemical inhibition of HDAC6 with a small-molecule inhibitor, tubacin (12) , or genetic knockdown of HDAC6 in certain transformed cells, enhances cell death induced by topoisomerase II inhibitors etoposide or doxorubicin and the pan-HDAC inhibitor SAHA. Normal cells are resistant to cell death induced by the combination of tubacin plus etoposide, doxorubicin, or SAHA. Enhanced cell death in transformed cells is mediated in part via the intrinsic apoptotic pathway, as evidenced by enhanced PARP cleavage and partial inhibition of cell death by the pan-caspase inhibitor Z-VAD-fmk. Further, we found that HDAC6 inhibition with tubacin induces DNA damage and enhances DNA damage induced by etoposide or SAHA, as indicated by an increased accumulation of γH2AX, an early marker of DNA doublestrand breaks (DSBs) and activation of the checkpoint protein Chk2. HDAC6 inhibition with tubacin induces the expression of cellular stress genes DDIT4 (RTP801/Dig2/REDD1) (22, 23) and DDIT3 (CHOP/GADD153) (24) . The induction of DDIT3 is enhanced in transformed cells when tubacin is combined with SAHA.
These findings suggest that inhibition of HDAC6 can enhance the cytotoxic effects of DNA damaging agents in certain transformed cells at concentrations that do not affect normal cell viability and demonstrate mechanisms by which HDAC6-specific inhibition can enhance the efficiency of certain anticancer agents.
Results

Tubacin Enhances Transformed but Not Normal Cell Death Induced by
Topoisomerase II Inhibitors and a Pan-HDAC Inhibitor. HDAC6 inhibition with tubacin results in the accumulation of acetylated α-tubulin, but not acetylated histones in normal human foreskin fibroblast (HFS) cells and transformed human prostate cancer (LNCaP) cells (Fig. 1A and Fig. 2A) . Tubacin reduced the rate of growth of transformed and, to a lesser extent, normal cells, without loss of cell viability ( Fig. 1 B and C and Fig. 2 B and C) .
To assess whether specific inhibition of HDAC6 enhances cell death when combined with anticancer agents, cells were cultured with tubacin in combination with the topoisomerase II inhibitors etoposide or doxorubicin and the pan-HDAC inhibitor SAHA. In HFS cells, tubacin had no detectable effect on cell viability when combined with these anticancer agents (Fig. 1 D-F) . In LNCaP cells, culture with 2.5 μM SAHA did not alter cell viability, whereas the combination of 2.5 μM SAHA plus 8 μM tubacin resulted in an 80% loss of cell viability after 72 h (Fig.  2D) . Similarly, the combination of tubacin with 5 μM SAHA increased cell death compared with cultures with 5 μM SAHA alone (Fig. 2D) . Tubacin also enhanced cell death induced by MS-275, which does not inhibit HDAC6 (10) (Fig. S1 ).
LNCaP cell death was markedly enhanced in cultures with tubacin and 25 μM or 50 μM etoposide compared with cultures with etoposide alone (Fig. 2E) . Similarly, LNCaP cell death was enhanced in culture with tubacin plus doxorubicin compared with culture with doxorubicin alone (Fig. 2F ). Tubacin also increased the sensitivity of MCF-7 human adenocarcinoma cells to SAHA-, etoposide-, and doxorubicin-induced cell death ( Fig. 2 J-L). PC3 is a human prostate cancer cell line that is relatively resistant to SAHA induced cell death (25) . PC3 cells cultured with a combination of SAHA plus tubacin resulted in a 25% decrease in cell viability only after 72 h in culture, whereas culture with SAHA alone did not induce any cell death (Fig. S2 ).
To evaluate whether the effect of tubacin in enhancing the cytotoxic effects of SAHA, etoposide, or doxorubicin was a result of selective inhibition of HDAC6, LNCaP cells were cultured with nil-tubacin, an analogue of tubacin that does not inhibit HDAC6 deacetylase activity as evidenced by lack of inducing acetylated tubulin ( Fig. 2A) (12) . Nil-tubacin did not increase cell death of LNCaP in combination culture with SAHA, etoposide, or doxorubicin ( Fig. 2 G-I ).
Down-Regulation of HDAC6 Expression in LNCaP Increases Sensitivity
to Cell Death Induced by SAHA, Etoposide, or Doxorubicin. We next determined whether LNCaP cells in which HDAC6 expression was genetically suppressed were more sensitive than WT cells to SAHA-, etoposide-, or doxorubicin-induced cell death. Two sets of shRNA targeting different regions of HDAC6 mRNA were stably expressed in LNCaP cells, resulting in reduced HDAC6 levels and in the accumulation of acetylated tubulin (Fig. 3A) . LNCaP cells in which HDAC6 levels were reduced did not accumulate acetylated histones, and the levels of HDAC1 and HDAC3 expression were not affected (Fig. 3A) . Knockdown of HDAC6 resulted in a decrease in the rate of cell growth (Fig. 3B ) and did not affect cell viability (Fig. 3C ). HDAC6 knockdown of LNCaP cells cultured with SAHA for 48 h resulted in 70% cell death compared with approximately 30% cell death in WT and scramble shRNA transfected LNCaP cells (Fig. 3D) . Increased sensitivity to etoposide-or doxorubicin-induced cell death was observed in LNCaP cells with reduced HDAC6 expression. Approximately 50% to 60% cell death occurred by 72 h in culture with etoposide or doxorubicin compared with approximately 30% cell death in WT and scramble shRNA transfected LNCaP cells (Fig. 3 E and F) . Greater cell death was induced by doxorubicin and etoposide in HDAC6 KD1 than HDAC6 KD2 (Fig. 3 E and F) , which may reflect more efficient down-regulation of HDAC6 in the HDAC6 KD1 cells (Fig. 3A) .
Taken together, these findings show that chemical inhibition of HDAC6 or genetically reduced HDAC6 expression increases the sensitivity of LNCaP cells to SAHA-, etoposide-, or doxorubicin-induced cell death.
Culture with Tubacin Plus SAHA or Etoposide Enhances CaspaseDependent Apoptosis in LNCaP Cells. To investigate the pathway of cell death in LNCaP cells cultured with the combination of tubacin and SAHA or etoposide, the status of poly(ADP ribose) polymerase (PARP) and its proteolytic fragments were assayed. PARP is a 116-kDa nuclear protein that is specifically cleaved by caspase-3 into a 85-kDa fragment and serves as a marker of apoptosis (26) . Cells cultured with 5 μM SAHA resulted in PARP cleavage (Fig.  4A) . Culture with 2.5 μM SAHA (a concentration that does not induce LNCaP cell death; Fig. 2D ) did not result in PARP cleavage (Fig. 4A) . In cells cultured with tubacin and 2.5 μM or 5 μM SAHA, the level of full-length PARP decreased dramatically, with an increase in cleaved PARP (Fig. 4A) . Similarly cells cultured with the combination of tubacin and etoposide induced PARP degradation (Fig. 4B) . To further examine caspase-dependent activation in cells cultured with tubacin and SAHA or etoposide, the pan-caspase inhibitor Z-VAD-fmk was added to cultures 1 h prior to the addition of tubacin plus SAHA or tubacin plus etoposide. The addition of Z-VAD-fmk decreased cell death in LNCaP cells cultured with tubacin in combination with SAHA from 90% to 60% and in combination with etoposide from 65% to 25% (Fig. 4 C and D) . These findings suggest that cell death induced by the combination of tubacin and SAHA or tubacin and etoposide is, in part, dependent on caspase activation.
Tubacin Enhances the Accumulation of γH2AX and Phospho-Chk2
Induced by SAHA or Etoposide. We examined whether selective inhibition of HDAC6 with tubacin activated a DNA damage response, which may account for tubacin-mediated cell cycle arrest. The accumulation of γH2AX (phosphorylation of histone H2AX), an early marker of DNA DSBs, increased in LNCaP cells cultured with tubacin, SAHA, or etoposide (Fig. 5A) . The combination of tubacin with SAHA or with etoposide resulted in a more marked accumulation of γH2AX than in cells cultured with either compound alone (Fig. 5A) . Quantitation of γH2AX levels showed an approximately sixfold increase in γH2AX when tubacin was combined with SAHA compared with SAHA alone (Fig. 5B) and a 1.5-fold increase when tubacin was combined with etoposide compared with etoposide alone (Fig. 5C) .
We assessed the activation of the checkpoint kinase Chk2 which is phosphorylated on Thr68 in response to DNA damage and has been implicated in both G1 and G2 checkpoint activation (27, 28) . Culture with SAHA or etoposide alone resulted in the activation of Chk2, as shown by an increase of phospho-Chk2 (Fig. 5 D and  E) . The level of phospho-Chk2 was higher when tubacin was cultured in combination with SAHA or etoposide (Fig. 5 D and E) . Thus, HDAC6 inhibition can potentiate the DNA damage and checkpoint response induced by SAHA or etoposide.
Tubacin Induces a G1 Arrest, Up-Regulates DDIT3 and DDIT4, and Down-Regulates DNA Replication Proteins. To further characterize the molecular pathways altered by tubacin, SAHA, and the combination of tubacin and SAHA, gene expression profiles were examined following culture of LNCaP cells for 2, 8, and 24 h. In SAHA cultured cells, approximately the same number of genes were up-and down-regulated at each time point (Table S1 ). In culture with tubacin alone, only one gene, DDIT4 (DNA-damageinducible transcript 4), also known as RTP801/Dig2/REDD1, was up-regulated at least twofold at 2 h (Table S2) . DDIT4 has been identified in mammalian cells as a gene induced in response to a variety of cellular stress, including agents that promote DNA damage and endoplasmic reticulum (ER) stress (22, 23) . DDIT4 was induced to a similar level in LNCaP cells cultured for 24 h with tubacin plus SAHA (Table S2 and Fig. 6A ).
DDIT3 (DNA-damage-inducible transcript 3), also known as CHOP/GADD153, a transcription factor up-regulated in response to a variety of cellular stress, notably ER stress (24), was one of six genes up-regulated at least twofold at 8-h culture of LNCaP with tubacin (Table S2) . Culture with SAHA alone did not induce DDIT3 at 8 h or 24 h (Table S2 and Fig. 6A ). The combination of tubacin plus SAHA resulted in a 22-fold increase in DDIT3 gene expression compared with a sevenfold increase with tubacin alone at 24 h (Table S2 ). Increased expression of DDIT3 was confirmed on analysis at the protein level (Fig. 6B) .
Microarray analysis of LNCaP cells cultured for 24 h with tubacin alone identified 72 genes down-regulated at least twofold (Table S3) , of which approximately 40% were members of the cell cycle machinery (Table S3) . Expression of several genes regulating G1/S transition and replication progression were down-regulated in culture with tubacin, SAHA, or etoposide alone and in combinations, including Mcm4, Mcm6, Cdt1, and Psf2 (Fig. 6C) . At 24 h, there was an increase in cells arrested in G1 in LNCaP cells cultured with tubacin (Fig. 6D) . SAHA induced an increase in cells arrested in G2, and there was an increase in cells in G2 in cultures with etoposide or etoposide plus tubacin (Fig. 6D ).
Discussion
In this study, we show that selective chemical inhibition or genetic down-regulation of HDAC6 in transformed cells (LNCaP and MCF-7) results in increased sensitivity of these cells to the anticancer agents etoposide and doxorubicin or the pan-HDAC inhibitor SAHA. This effect is not observed in normal cells (i.e., HFS cells). These findings show that, at concentrations of SAHA, doxorubicin, or etoposide that are clinically attainable and tolerated (29-31), HDAC6-selective inhibition can enhance the therapeutic efficacy of these agents in certain transformed cells.
The selective HDAC6 inhibitor tubacin (12) was found to cause accumulation of γH2AX, a marker of DNA DSBs. The combination of tubacin plus SAHA or etoposide markedly increased the accumulation of γH2AX and phospho-Chk2 in LNCaP cells. These findings suggest that HDAC6 inhibition increased etoposide or SAHA induced accumulation of DNA DSBs, which may explain, in part, the chemosensitizing effect of HDAC6 inhibition in transformed cells. Synergistic and additive tumor cell apoptosis has been observed when combining pan-HDAC inhibitors with cytotoxic therapies that induce DNA damage (32) (33) (34) . Enhanced DNA damage observed in culture with combined inhibitors has been attributed to induction of histone hyperacetylation by the HDAC inhibitor, resulting in a more open chromatin structure, making DNA more susceptible to damage by various toxic agents (35) . Pan-HDAC inhibitors such as SAHA can suppress DNA repair proteins in transformed cells, resulting in failure to repair DNA damage (36) (37) (38) . HDAC6 inhibition does not cause accumulation of acetylated histones. Target proteins of HDAC6 include the chaperone protein HSP90 (13, 39) . Acetylation of Hsp90 impairs its chaperone function and exposes its client proteins to degradation, which is associated with activation of the intrinsic apoptotic pathway. We found that tubacin markedly enhanced SAHA-or etoposide-induced transformed cell apoptosis, as evidenced by increased PARP cleavage and caspase-dependent cell death. Microarray analysis of LNCaP cells cultured with SAHA showed down-regulation of a number of genes involved in DNA damage and repair pathways (Table S4 ). This suggests that tubacininduced accumulation of DNA breaks in LNCaP cells cultured with SAHA may result in part from an impaired capacity for DNA DSB repair. Several proteins involved in the DNA damage repair pathway are targets of lysine acetylation (40) , and acetylation of DNA repair proteins has been shown to alter their activity (41, 42) . HDAC6 has a role in the removal of misfolded and damaged proteins through its ability to recruit polyubiquitinated proteins to dynein motors and transporting them to aggresomes (15, 43) . Tubacin can inhibit the interaction of HDAC6 with dynein in multiple myeloma cells, resulting in the accumulation of ubiquitinated proteins (18) . We found that tubacin induces the expression of DDIT3, a transcription factor that is up-regulated in response to ER stress (24) . Furthermore, LNCaP cell culture with tubacin plus SAHA resulted in enhanced DDIT3 induction, which could contribute to the chemosensitizing effect of HDAC6 inhibition in combination with a pan-HDAC inhibitor in transformed cells. Culture with SAHA alone did not induce DDIT3 expression in LNCaP cells (Fig. 6 A and B) . Tubacin and SAHA inhibit the catalytic activity of HDAC6, as evident through hyperacetylation of α-tubulin (Fig. 2A) . The accumulation of DDIT3 in tubacin cultured cells may reflect tubacin inhibiting the interaction of HDAC6 with dynein, whereas the HDAC6-inhibitory effects of SAHA may be limited to the inhibition of HDAC6 catalytic activity.
The present findings suggest that combination therapy with a selective HDAC6 inhibitor and certain anticancer agents may be a strategy for therapy of sensitive tumors while sparing normal cells.
Materials and Methods
Cell Lines and Reagents. HFS cells were obtained from the Yale Skin Diseases Research Center Core. LNCaP, MCF-7, and PC3 cell lines were obtained from the American Tissue Culture Collection and cultured according to directions of the supplier. Doxorubicin and etoposide were purchased from Sigma, Z-VAD-fmk from R&D Systems, and MS-275 from Calbiochem. Tubacin and nil-tubacin were provided by Stuart Schreiber, James Bradner, and Ralph Mazitschek (Harvard University, Cambridge, MA). In all studies, an equivalent amount of DMSO without the drug was added to the control culture medium. ) were washed with PBS solution and lysed in lysis buffer (10 mM Tris-HCl, pH 6.5, 25 mM KCl, 10 mM MgCl 2 , 1% Triton X-100, 8.6% sucrose) containing protease inhibitors. Samples were centrifuged at 600 × g for 5 min at 4°C and the pellets were resuspended in TE buffer (10 mM Tris-HCl, pH 7.4, 13 mM EDTA) and centrifuged at 600 × g for 5 min at 4°C. The pellets were resuspended in 0.2 M H 2 SO 4 followed by incubation on ice for 1 h and vortexed every 15 min for 10 s during the incubation. Following centrifugation at 10,000 × g at 4°C for 10 min, supernatants were incubated with cold acetone for at least 1 h. The samples were centrifuged at 10,000 × g for 10 min at 4°C and the pellets dried and resuspended in distilled water.
RNA Interference. shRNA lentiviral particles targeting HDAC6 mRNA, HDAC6KD1 (HDAC6 knockdown 1) at 1.7 × 10 7 TU/mL and HDAC6KD2 (HDAC6 knockdown 2) at 1.9 × 10 7 TU/mL, and nontargeting "scramble" shRNA control particles (SHC002V) at 1.1 × 10 7 TU/mL were purchased from SigmaAldrich and transfected according to the manufacturer's instructions using polybrene (Millipore). The 21-nt sequence corresponding to HDAC6 mRNA for HDAC6KD1 is 5′-CATCCCATCCTGAATATCCTT-3′ and that for HDAC6KD2 is 5′-GCACAGTCTTATGGATGGCTA-3′. For each shRNA, 5 × 10 5 cells were infected at a multiplicity of infection of 2.
Microarray Analysis. Alterations in gene expression were evaluated by microarray using the Illumina human cDNA array containing cDNA probes representing the whole genome. LNCaP cells (1 × 10 6 ) were seeded in 10-cmdiameter cell culture dishes and incubated for 24 h before culture with DMSO (control), 8 μM tubacin, 5 μM SAHA, or 8 μM tubacin and 5 μM SAHA for 2 h, 8 h, and 24 h. Triplicate samples were prepared for each drug treatment at each time point. Poly(A) + mRNA was isolated from cells using TRIzol reagent according to the manufacturer's protocol (Invitrogen). The data were analyzed using the Bioconductor packages for the R statistical system. The output from Beadstudio was processed using the LUMI package. The normalization method used was quantile and the signal levels were log (base 2) transformed. To determine genes that are differentially expressed between the various sample types, the LIMMA package was used.
Quantitative Real-Time PCR. One milligram of total RNA was reverse-transcribed using the Thermoscript RT-PCR system (Invitrogen) at 52°C for 1 h. Resultant cDNA (20 ng) was used in a quantitative PCR with a 7500 Real-Time PCR System (Applied Biosystems) using predesigned primers for DDIT3, DDIT4, Mcm4, Mcm6, Cdt1, Psf2, and GAPDH (Applied Biosystems). Amplification was carried for 40 cycles (95°C for 15 s, 60°C for 1 min). To calculate the efficiency of the PCR and to assess the sensitivity of each assay, we performed a six-point standard curve (5, 1.7, 0.56, 0.19, 0.062, and 0.021 ng). Triplicate CT values were averaged, and amounts of target were interpolated from the standard curves and normalized to GAPDH.
Cell Cycle Analysis. Cells (10 6 ) were harvested at 24-h culture with the indicated drugs, washed with PBS solution, and fixed in methanol. Cells were then resuspended in a buffer containing 50 mg/mL propidium iodide and 100 mg/mL RNase A. Samples were analyzed using a Becton Dickinson FACSCalibur flow cytometer. Data were collected for 10,000 events and analyzed using FlowJo software.
